Introduction
Low energy precision experiments searching in particular for EDMs offer a sensitive approach to probe physics beyond the standard model and already constrain many BSM models. Measuring a neutron electric dipole moment (nEDM) larger than the SM prediction (|d SM n | ≈ 10 −32 − 10 −31 e cm) would reveal new sources of CP violation and provide clues to the baryogenesis puzzle [1] .
Our collaboration is conducting a project to measure the nEDM at the Paul Scherrer Institute's (PSI) ultra cold neutron (UCN) source using a room temperature spectrometer. We are operating an upgraded version of the RAL/Sussex/ILL (Rutherford Appleton Laboratory, Institut Laue Langevin) apparatus which holds the best nEDM limit : |d n | < 3 × 10 −26 e cm(90% C.L.) [2] . With this apparatus, we aim to slightly improve the nEDM sensitivity within the next year. A next generation nEDM apparatus will be built to improve by at least a factor 10 over the present sensitivity. In section 2, I will briefly describe the nEDM measurement principle. Section 3 is dedicated to the nEDM apparatus description. Finally, the future n2EDM spectrometer is shortly discussed in section 4 along with our R&D program.
Measurement principle
The measurement principle is based on the analysis of the Larmor precession frequency of UCN stored in a volume permeated with electric and magnetic fields either parallel or anti-parallel. The Hamiltonian of the system reads:
The experiment aims therefore to measure a shift in ν proportional to the E-field strength. We use the Ramsey technique of separated oscillating fields [3] to estimate the neutron Larmor frequency with a precision better than 1 ppm. It consists of measuring the polarization of neutrons after a defined sequence: i) A π/2 pulse rotates the longitudinal spin projection in the transverse plane; ii) The spins freely precess in the transverse plane during a time T; iii) A second π/2 pulse, in phase with the first one is applied. The sensitivity of this technique reads:
where α is the UCN polarization after T and N is the total number of neutrons. A nEDM measurement relies on a series of repeated cycles with successive B and E fields configuration. One should note that Eq. 2 holds only if B ↑↑ = B ↑↓ . This condition requires to make use of highly sensitive atomic magnetometers that have sensitivities better than 0.1 ppm.
3 The upgraded RAL/Sussex/ILL spectrometer The RAL/Sussex/ILL spectrometer was moved from ILL to PSI in 2009 to benefit from the PSI UCN source. A four cylindrical layers (D inner = 1.6 m, L = 1.1 m) mu-metal shield having a transverse shielding factor of about 10000 surrounds a 20 ℓ storage volume made of two aluminum plates coated with DLC and a deuterated polystyrene hollow cylinder. The precession chamber is permeated with a highly homogeneous magnetic field of 1 µT generated by a cos θ coil and with a 11 kV/cm electric field. In order to precisely monitor the magnetic field B 0 , a 199 Hg comagnetometer that measures the same space and time magnetic field average as the neutron with a typical precision in the 0.05-0.1 ppm range is used [4] ( Fig. 1 ). See Ref. [5] for a detailed description of the apparatus, in the following, I will detail the most important upgrades.
The PSI UCN source
The UCN source, as operated in 2014, uses the PSI proton beam in a pulsed mode (I ≥ 2.2 mA, E = 590 MeV, mode : 3 s kick every 300 s) to produce neutrons by spallation on a lead target (≈ 8 neutrons/proton) [6] . These neutrons are first thermalized in heavy water before being moderated and further converted to UCN in solid deuterium at 5 K [7] . After escaping the solid D 2 , UCN are guided towards the nEDM spectrometer through tubes coated with NiMo. Given the UCN source performance in 2014, one could detect about 6000 UCN on average in the nEDM detector after a 180 s storage time in the precession chamber. In 2015 this performance was further improved.
Neutron detection
Before entering into the apparatus, UCN are fully polarized by a 5 T superconducting magnet. A set of guiding coils permits to maintain the polarization along the neutron's path and provide an initial polarization of 85 %. To measure the neutron Larmor frequency, we analyse the UCN polarization at the end of the precession time. For this purpose, a device for simultaneous spin analysis was built [8] based on 6 Li glass scintillator detectors [9] . The new device treats symmetrically both spin states with two arms, each equipped with an adiabatic spin flipper and an analysing foil made of 
Atomic magnetometry : 133 Cs array
An external 133 Cs magnetometers array (CsM) was installed ( Fig. 1 ) and represents one of the main upgrade [10] . It is made of 16 laser-pumped scalar CsM operated in a driven mode: 6 HV-compatible magnetometers placed on top of the precession chamber and the other 10 below. This arrangement allows for the measurement of the B 0 distribution inside the precession chamber since B = B 2 0 + B 2 T ≈ B 0 and gives us information on the averaged vertical gradient ∂B 0 /∂z in the storage volume with a typical uncertainty of 10 pT/cm. Whereas the knowledge of ∂B 0 /∂z is not used in the nEDM data analysis, it recently improved our understanding of systematic effects that are discussed in Sec. 3.4. One should also note that it enabled us to measure for the first time the neutron gyromagnetic moment using UCN with a 1 ppm precision [11] .
The current limitation to lower the ∂B 0 /∂z uncertainty originates from two distinct sources: i) we attribute a 5 pT/cm uncertainty to the CsM data analysis method itself based on simulations and described in Ref [12] ; ii) an other 5-10 pT/cm coming from CsM offsets, estimated by comparing free spin precession and phase-locked loop measurements during maintenance.
Statistical sensitivity & systematics budget
The precise monitoring of B 0 down to 0.05 ppm precision ensures our nEDM sensitivity to be only limited by the neutron Larmor frequency estimation, i.e. the neutron statistics (Eq. 3). The figure of merit of an nEDM experiment follows, in combination of Eq. 1 and Eq. 3:
During the 2013 and 2014 data taking campaigns, on average, we had α = 0.6, E = 10 kV/cm, T = 180 s, N UCN = 6000 / cycle and 240 cycles per day, leading to a daily sensitivity σ dn ≈ 2.7 × 10 −25 e cm. The 2015 data taking campaign operates with significantly improved performances. In particular, we developed a new method to better homogenize the B 0 field with the trim coils, and as a result, regularly obtain α > 0.7. The current UCN source operation provides 2 times more UCN as compared to 2014. These improvements enable us to run the experiment with the best ever per day nEDM sensitivity σ dn ≈ 1.3 × 10 −25 e cm. The cumulated statistics already sets our integrated sensitivity to σ dn ≈ 2.5 × 10 −26 e cm. Such a value gives us confidence to be able to improve the current nEDM sensitivity by the end of 2016 in nominal apparatus operation.
The systematic error budget is given in Table 1 . In Ref [2] , an exhaustive description of all the effects is given. Some of them arise from the 199 Hg co-magnetometer. One should note the recent direct measurement of the motional false EDM at the origin of the largest systematic effect in our experiment [13] . This effect, proportional to the vertical magnetic field gradient adds a false nEDM signal of 4.4 × 10 −26 e cm in a 10 pT/cm gradient, which is the typical ∂B 0 /∂z uncertainty. Fortunately, a dedicated analysis technique described in Ref [5] enables to precisely determine a working point with zero gradient and therefore circumvent this systematics, at the expense of an other effect: the quadrupole difference. As UCN and Hg atoms dynamic are different, both species will not experience the magnetic field inhomogeneities in the same way. From this observation, a precise knowledge of the transverse component of B 0 , called B T , is required, as shown in [11] . Extensive magnetic field mappings of the storage volume area have lowered the uncertainty of B 2 T to 2 nT 2 , hence explaining the reduced systematic error budget as compared to the results published in [2] . Finally, the precise measurement of ∂B 0 /∂z highlighted a new classe of UCN depolarization, called gravitationally enhanced depolarization [14] using an innovative UCN Spin Echo technique [15] . This process influences the motional false EDM correction and must be carefully taken into account in the nEDM analysis. In conclusion, the systematic error budget is not restrictive for the current data taking and would already allows us to attain a nEDM sensitivity within the 10 −27 e cm range. 
The n2EDM phase
The next phase at PSI, called n2EDM, is currently in the design and R&D phase.
With the present UCN source performance, a factor 10 improvement in sensitivity is reachable within a few years of data taking. This statistical improvement sets our requirements on the n2EDM experiment design (Fig. 2 ) in particular to keep the systematic errors at the same level. The final goal is to reach the 10 −28 e cm region.
Design
Magnetic field shield The n2EDM phase will benefit from a cubic multi layers high permeability metal shield having a shielding factor of approximately 10 5 in the three (x-y-z) directions. The homogeneity goal inside the fiducial volume where UCN will be stored is on the 1 pT/cm level, about 20 times better than in the current apparatus.
Precession chamber The main upgrade of this phase lies in a stack of two precession chambers placed on top of each other. This new scheme allows for a higher number of neutrons just by volume consideration and simultaneous measurement of both B and E field configurations. This configuration will also permit to attain a higher electric field, external electrodes being grounded.
Spectrometer optimization The current nEDM spectrometer has the disadvantage of being located more than 1 m above the UCN source exit guide and has a much smaller guide diameter leading into the nEDM spectrometer. Adapting both features to the UCN source, we expect to increase the number of detected UCN by a factor of up to 5.
Research and Development program
199 Hg co-magnetometry A laser based 199 Hg co-magnetometer to correct for B field drift down to 0.01 ppm precision is under study. The increased laser light intensity allows a factor 5 improvement in 199 Hg frequency precision as compared to the achieved precision with the 204 Hg lamp currently used. This improvement is sufficient to handle the neutron sensitivity increase. One should also note that a fine tuned laser wavelength will reduce the Hg light shift [16] . Attention is focused on the laser stability since drifts in air pressure/temperature can cause Hg laser frequency detuning. For this purpose, a dedicated laser hut is under construction in the experimental area. 3 He magnetometry Continuous effort is pursued to develop 3 He magnetometers, two designs have been studied: small 3 He cells and 3 He pancakes in gradiometer mode [19] [20] . 3 He magnetometers are operated in a free spin precession mode as the HgM and therefore do not suffer from accuracy/offset issue.
B 0 coil A new cubic B 0 coil design based on a novel concept is investigated [21] . The idea is to build a B 0 coil made of two distinct shells of current loops: an inner part producing the highly homogeneous B 0 field; an outer part confining the escaping B field lines to cancel the magnetic field outside the coil, hence preventing for shield magnetization.
Conclusion
We are currently taking data with an upgraded version of the RAL/Sussex/ILL spectrometer at a high level of performance and will continue for the next years. With our current sensitivity, we should be in the position to improve the best nEDM limit set in 2006. Our systematics budget already now offers the possibility to enter in the 10 −27 e cm sensitivity range, due in particular to extensive magnetic field mapping campaigns and a better understanding of the UCN and 199 Hg spin dynamic. The design of a new apparatus with even higher performance is on the way.
